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Summary
Background: The assembly of an F-actin- and myosin-
II-containing contractile ring (CR) is required for cytoki-
nesis in eukaryotic cells. Interactions between myosin
II and actin in the ring are believed to generate the force
that constricts the cell into two daughters. The mecha-
nism(s) that contribute to the spatially and temporally
regulated assembly and disassembly of the CR at the
cell equator are poorly understood.
Results: We generated an LLCPK1 epithelial cell line
that stably expresses GFP-actin. Live confocal imaging
showed accumulation of GFP-actin in the equatorial
cortex from late anaphase through cytokinesis. Fluo-
rescence recovery after photobleaching (FRAP) experi-
ments showed that actin in the CR is highly dynamic
(t1/2 = 26 s). In some cells, movement of GFP-actin to-
ward the equatorial region was observed and contrib-
uted to FRAP. Blocking actin dynamic turnover with jas-
plakinolide demonstrates that dynamic actin is required
for CR formation and cytokinesis. To test the role of
myosin II in actin turnover and transport during CR for-
mation, we inhibited myosin light-chain kinase with
ML7 and myosin II ATPase activity with blebbistatin. In-
hibition of myosin light-chain phosphorylation resulted
in clearance of GFP-actin from the equatorial region, a
reduction in myosin II in the furrow, and inhibition of
cytokinesis. Treatment with blebbistatin did not block
CR formation but reduced FRAP of GFP-actin and pre-
vented completion of cytokinesis.
Conclusions: These results demonstrate that the ma-
jority of actin in the CR is highly dynamic and establish
novel roles for myosin II in the retention and dynamic
turnover of actin in the CR.
Introduction
Cytokinesis is generally thought to be accomplished by
a contractile “purse string” of actin, myosin II, and as-
sociated structural and regulatory proteins that assem-
ble in the equatorial cortex and constrict the cell into
two daughters [1–3]. According to this model, cortical
actin filaments are organized in overlapping antiparallel
arrays, and myosin II, located between actin filaments,
is responsible for sliding the actin filaments past one
another, in a manner similar to a muscle sacromere [4].
Unlike muscle, however, the contractile ring (CR) is a
highly dynamic structure that assembles and disas-
sembles in each cell cycle [5].
Analysis of CR assembly in various cell types has*Correspondence: patw@bio.umass.edudemonstrated that both de novo assembly of actin and
recruitment of preexisting filaments contribute to CR
assembly. For example, in fission yeast, genetic ap-
proaches demonstrate that members of the Arp2/3
complex, formins, profilin, and other proteins involved
in nucleation and assembly of actin are required for cy-
tokinesis [6]. In cleaving Xenopus eggs, rapid incorpo-
ration of rhodamine-labeled actin into the forming CR
has been observed by fluorescence microscopy [7],
and treatment of cells with inhibitors of actin assembly
demonstrates that actin in the CR is highly dynamic [6,
8, 9]. In addition to assembly and dynamic turnover of
actin in the CR, completion of cytokinesis requires net
disassembly of the ring. Early electron microscopy
studies showed that the CR decreases in volume as
cytokinesis progresses, indicating that actin in the CR
must disassemble during sliding [10]. Consistent with
this idea, the actin depolymerizing factor, ADF/cofilin,
is required for cytokinesis in diverse cells [2]. How de-
polymerization of F-actin at the equatorial region is reg-
ulated and coordinated with constriction of the CR is
not yet known.
In addition to local de novo assembly of actin, a vari-
ety of studies indicate that preexisting material is re-
cruited to the site of CR formation. In yeast, the CR can
assemble from preexisting cortical filaments when de
novo assembly is blocked [6]. In cultured mammalian
cells, preformed filaments, labeled by injection of rho-
damine-phalloidin at metaphase, contribute to CR for-
mation, although the dynamic rearrangement of these
filaments has been difficult to visualize [11, 12]. In addi-
tion to the contribution of preformed actin filaments to
the CR, cell-surface receptors [7, 8] and myosin II are
observed to move toward the equatorial cortex during
CR formation [13, 14], a phenomenon referred to as
cortical flow.
Although the requirement for myosin-II-dependent
force generation during cytokinesis in eukaryotic cells
has long been recognized [2], recent work indicates
that myosin II may contribute to other aspects of cyto-
kinesis as well. Myosin II localizes to the ring before
actin in diverse cells and may contribute to actin as-
sembly [7, 15–17]. Myosin II filament formation is re-
quired for localization to the CR, but actin binding is
not [2, 14], indicating that CR proteins other than actin
contribute to localization of myosin II to the equatorial
cortex [2, 18, 19]. Although myosin II itself is moved
toward the equatorial region, it may also generate
forces that contribute to cortical flow [2].
To study CR assembly, we generated cells stably ex-
pressing GFP-actin and used these cells to measure
the dynamic turnover of actin during cytokinesis by flu-
orescence recovery after photobleaching (FRAP). The
results directly demonstrate that the majority of actin
in the CR is highly dynamic throughout cytokinesis. In
addition, we monitored the organization and dynamic
behavior of GFP-actin after inhibition of myosin II ATPase
activity with blebbistatin and myosin light-chain kinase
(MLCK) activity with ML7. Inhibition of myosin light-
chain phosphorylation during early cytokinesis resulted
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725Figure 1. Distribution of GFP-Actin throughout Cytokinesis in an LLCPK1-GFP-Actin Cell
(A) Upper panels show confocal fluorescence images of GFP-actin; time in min:s in lower left.
(B) Lower panels show enlarged view of the furrow region (white box in [A]).
(C) Deconvolved images of a fixed cell stained with rhodamine-phalloidin showing organization of F-actin in the CR. The large image shows
dorsal cortex and the inset shows ventral cortex.
The scale bars represent 10 m.in clearance of actin from the equatorial region. In con-
trast, inhibition of myosin II ATPase with blebbistatin
did not block CR assembly [20], but decreased the dy-
namic turnover of actin. These results provide evidence
that myosin II contributes to the retention of actin in the
equatorial cortex and to the dynamic turnover of actin
in the CR. Thus, myosin II contributes to cytokinesis
not only by powering contraction but also by modulat-
ing the behavior of CR actin.
Results and Discussion
To examine CR formation in living mammalian cells, we
generated a cell line that constitutively expresses GFP-
tagged actin. In this cell line, 14% of the actin is GFP-
tagged, and the distribution of GFP-actin filaments is
indistinguishable from the distribution of F-actin de-
tected by staining cells with rhodamine-phalloidin (see
Figure S1 in the Supplemental Data available with this
article online), consistent with previous observations of
GFP-actin in other cultured mammalian cells [21].
LLCPK1-GFP-actin cells show no defects in mitosis or
cytokinesis and have a mitotic index that is indistin-
guishable from the parental cells (data not shown).
Spinning-disc confocal microscopy was used to ex-
amine the distribution of GFP-actin during cytokinesis
in the LLCPK-GFP-actin cell line. Actin is localized in
the equatorial cortex from after anaphase onset
through the completion of cytokinesis (Figure 1; Movie
S1) [22]. During CR formation, some filaments of actin
are oriented perpendicular to, and some parallel to, the
cleavage plane (Figures 1A and 1B). Deconvolution of Z
stacks of fixed cells stained with rhodamine-phalloidin
showed that actin organization varied in the z axis: An
actin belt, parallel to the cleavage plane, was observedat the lower cortex, where the cell is attached to the
coverslip, whereas actin in the upper cortex was typi-
cally less well organized (Figure S2) [23]. In live confo-
cal imaging, individual actin filaments could not be re-
solved, owing to their small size, dynamic behavior, and
the high density of fluorescent filaments at the equato-
rial region of the cortex. Measurement of GFP fluores-
cence intensity per unit area in the equatorial cortex
showed an w33% increase in the GFP-actin/unit area
in the furrow during CR formation, and then a gradual
decrease toward the end of cytokinesis (Figure 1C). An
increase in actin filaments in the CR was not detected
in previous EM measurements [10]. Fluorescence mea-
surements of live image sequences may more accu-
rately estimate filament density than measurements in
fixed material, especially given the dynamic nature of
the changes in actin-filament distribution.
To quantify F-actin dynamic behavior during cytoki-
nesis, we performed FRAP experiments on LLCPK1
cells expressing GFP-actin and determined the half-
time for recovery (Figure 2; Table 1). In the CR, turnover
was rapid, with a t1/2 of 26 ± 8.5 s (n = 26). Of the total
fluorescence prior to bleach, 63% ± 14.6% (n = 26) was
recovered, demonstrating that the majority of actin in
the CR was dynamic. Similar rates of turnover were
measured for cells in early and late cytokinesis (Figures
2A and 2B). In many cells, recovery occurred without
any detectable motion of the bleach mark or direction-
ality within the bleached region (Figure 2; Movie S2).
In the nonequatorial cortex of dividing cells, FRAP
was slower than in the CR; actin in stress fibers of non-
dividing cells recovered fluorescence even more slowly,
with a half-time of approximately 2 min (Table 1; Figure
2C; Movie S3) [24]. Turnover in stress fibers showed
significant variability (Table 1), suggesting that addi-
tional factors, such as position in the cell cycle or cell
Current Biology
726Figure 2. Dynamics of GFP-Actin with Fluorescence Recovery after Photobleaching
Photobleaching of the CR in late (A) and early (B) cytokinesis and stress fibers (C) in an interphase cell. In (A) and (B), the area outlined by
the white box is enlarged in subsequent images; in (A)–(C), the area outlined by the dotted box is the bleached region. Time (s) after bleaching
is shown in the upper right. Corresponding graphs of recovery are shown at right; the solid line shows fluorescence in the bleached region,
and the dotted line shows fluorescence in an unbleached region. The scale bars represent 10 m.adhesion and locomotion, may regulate actin dynamics e
sin stress fibers. In both the nonequatorial cortex and
stress fibers, fluorescence recovered uniformly through- c
out the bleached region with no detectable transport or
flow (Figure 2C), and only w30% of the total bleached s
ifluorescence was recovered, demonstrating that the
majority of the actin is nondynamic over the time frame f
iof these experiments.
To further examine F-actin dynamics in the CR, we t
(prevented filament assembly by treating cells with lat-
runculin B, which binds to G-actin, and measured the p
trate of disassembly [25]. Latrunculin B induced rapid
(<1 min) disassembly of actin in the CR and relaxation y
tof the furrow, indicating that cortical ingression cannot
continue or be maintained in the absence of intact l
F-actin (Figure S3; Movie S4). Cytochalasin B was less In addition to rapid turnover of actin, flow of actin
Table 1. Actin Dynamics in Dividing and Interphase LLCPK Cells Expressing GFP-Actin
Actin Structure Half-Time (s) % Recovery
Dividing Cells
Contractile ring (n = 26) 26 ± 8 63 ± 14
Control Cortex (n = 8) 45 ± 11 34 ± 19
Interphase Cells
Stress fibers (n = 12) 110 ± 67 30 ± 12Blebbistatin Contractile ring (n = 7) 6ffective in inducing disassembly of the CR (data not
hown) [9], indicating that assembly of new filaments
ontributes to cytokinesis.
During cytokinesis, rapid turnover of F-actin mea-
ured by FRAP of GFP-actin or latrunculin B treatment
s consistent with a CR composed of short, dynamic
ilaments [24]. The half-time for actin turnover in the CR
s remarkably similar to previous measurements of actin
urnover in the leading edge of migrating keratocytes
t1/2 = 23 s) and in the comet tail of the intracellular
athogen Listeria (t1/2 = 33 s) [24, 26]. Other CR pro-
eins also show rapid dynamic turnover: In fission
east, GFP-myosin light chain and GFP-tropomyosin
urnover with a half-time ofw30 s [6], and in Dictyoste-
ium, GFP-myosin II has a half-time of w7 s [14].5.4 ± 17.2 14 ± 5.8
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727toward the equator was detected during CR formation
(Figure 2B; Movies S5 and S6) [11]. Motion of F-actin
was detected in well-flattened cells (Figure 2B) but was
not detected in cells that were weakly attached to the
substrate, narrower in the plane perpendicular to the
spindle pole-to-pole axis, and/or in later stages of in-
gression (Figure 2A; Figure 1). Apparent motion could
occur because actin is associated with the membrane,
which is deformed during furrow ingression. Alterna-
tively, regional differences in cortical tension could gen-
erate cortical flow. Acto-myosin contraction in the
equatorial region could pull actin to the site of ingres-
sion [27], or global contraction and local weakening of
the equatorial cortex could contribute to flow [28]. In
late cytokinesis, we observed flow of GFP-actin away
from the furrow, toward the polar region, in most cells
(Movie S1).
To determine whether movement of actin toward the
CR contributed to fluorescence recovery during early
cytokinesis, we made photobleach marks perpendicu-
lar to the CR and determined recovery half-times sepa-
rately for peripheral and central regions (Figure 3). Re-
covery was slower in the central region than in
peripheral regions, indicating that motion of F-actin to-
ward the equatorial region can contribute to formation
of the CR. The relative contribution of actin transport
and dynamics to fluorescence recovery is not known.
The coexistence of distinct actin networks that undergo
flow or turnover has been described during wound clo-
sure [27] and in migrating cells with quantitative fluo-
rescence speckle microscopy [29]. We speculate that
distinct populations of actin may also contribute to cy-
tokinesis.
To determine whether actin dynamic turnover is re-
quired for CR assembly or whether transport of actin is
sufficient, we blocked actin dynamics with jasplakino-
lide, a fungal toxin that stabilizes F-actin [30, 31], and
examined CR formation and actin turnover. In cells
treated with jasplakinolide, cables of F-actin formed
throughout the cortex, and cytokinesis was blocked
(Figure 4A). In some cells, slow movement of actin ca-
bles toward the equatorial region was observed, but
this was insufficient for completion of cytokinesis in the
absence of dynamic actin (Movie S7). Photobleaching
experiments showed that filaments in jasplakinolide-
treated cells did not recover fluorescence, demonstrat-
ing that dynamic-actin filaments are required for FRAP
as well as completion of cytokinesis (Figure 4C).
Myosin II generates the force for cleavage [2, 3] andFigure 3. GFP-Actin Transport during Cytokinesis
Images of a GFP-actin-expressing LLCPK1 cell that has been photobleached. The photobleach mark was made perpendicular to the CR, and
half-time for recovery was determined separately in peripheral and central regions of the bleached zone. Time (s) after bleaching is shown in
the upper right. Recovery is faster in the peripheral regions than in the central region. The scale bar represents 10 m.may also contribute to CR assembly, for example byproviding sites for actin assembly or by moving actin
to the forming ring [7, 13]. To examine these possibili-
ties, we inhibited myosin II activity and examined the
distribution and dynamics of GFP-actin. Phosphoryla-
tion of the regulatory light chains of myosin II by MLCK
is required for the stimulation of myosin II ATPase in
nonmuscle cells [32–35]. When cells in early to mid-
cytokinesis were treated with ML7, an inhibitor of
MLCK, we observed rapid clearance of GFP-actin from
the equatorial cortex and furrow regression (Figure 5A;
Movie S8). Clearance of F-actin extended many
microns from the equator, indicating that cortical actin
exists in a crosslinked meshwork that responds to
changes in myosin II activity in the equatorial region.
Treatment of cells in late cytokinesis with ML7 had no
effect on the distribution of GFP-actin, indicating that
actin localization at this stage does not require phos-
phorylation of MLCK. FRAP of GFP-actin in stress fi-
bers was reduced by ML7 (data not shown), but FRAP
of GFP-actin in the CR could not be examined because
of the reduction of actin in the equatorial region after
ML7 treatment. Treatment of cells with Y27632, a Rho-
kinase inhibitor that blocks phosphorylation of myosin
II light chains, also resulted in actin clearance from the
equatorial region (data not shown). Immunofluores-
cence localization of myosin II in fixed cells showed a
reduction in myosin II in the CR of ML7-treated cells
(Figure 5C).
Clearance of actin from the equatorial cortex by ML7
may result from a decrease in the ATPase activity of
myosin II. Alternatively, myosin II regulatory light chains
may play additional roles in CR assembly. For example,
in S. pombe, the myosin light chain Cdc4p is required
to localize Myo2p to the CR [16], and phosphorylation
of regulatory light chains of skeletal-muscle myosin II
regulates filament structure [36]. Interaction of myosin
II with anillin, an actin binding protein that localizes to
the CR during cytokinesis, requires phosphorylation of
the regulatory light chain by MLCK [18]. To determine
whether the clearance of actin from the equatorial cor-
tex during early cytokinesis results from inhibition of
myosin II ATPase activity, we treated cells with blebbis-
tatin, a specific myosin-II-ATPase-activity inhibitor that
does not inhibit MLCK [20] or myosin II filament forma-
tion [37]. Consistent with previous results, blebbistatin
inhibited cytokinesis but did not inhibit assembly of the
CR, indicating that myosin II ATPase activity is not re-
quired for CR assembly (Figures 5B and 5C). For obser-
vation of CR formation in living cells expressing GFP-
actin (Figure 5B), we acquired a single image before
Current Biology
728and two images after application of blebbistatin to u
Beliminate any possible effects of blue light on cell health
[38]. The distribution of actin and myosin was also ex- n
tamined in control and blebbistatin-treated fixed cells
stained with rhodamine-phalloidin and anti-myosin an- i
ctibodies (Figure 5C). In both living and fixed cells, actin
was present in the CR after treatment with blebbistatin; t
changes in actin organization were difficult to assess
because of the variability in CR morphology and be- p
scause in these fixed-cell experiments, the timing of
drug addition in relation to CR formation was not c
bknown. However, in some cells, an enrichment of actin
in the furrow was observed. Myosin II was retained in m
athe CR of blebbistatin-treated cells, consistent with
previous work (Figure 5C) [20]. Recent work has dem- e
Aonstrated that blebbistatin inhibits centrosome separa-
tion after nuclear-envelope breakdown [39], suggesting b
sthat microtubule-cortex interactions may be altered by
blebbistatin. To examine this possibility, we examined p
uthe distribution of microtubules in blebbistatin-treated
cells by immunofluorescence. No changes in the distri- p
Cbution of microtubules during cytokinesis were de-
tected (Figure S4). m
uTo determine whether actin turnover or transport was
perturbed by blebbistatin, we performed FRAP of GFP-
actin-expressing cells. The half-time for fluorescence C
Orecovery was increased 2-fold (t1/2 = 65.4 ± 17 s; n = 7),
and the percent recovery was reduced w4.5 fold (% C
arecovery = 14.0 ± 5.8; n = 7). The inhibitory effects of
blebbistatin were reversible, and cells resumed cytoki- eFigure 4. Dynamic F-Actin Is Required for Cytokinesis
(A) Selected images from a movie sequence of a GFP-actin-expressing cell treated with jasplakinolide to stabilize F-actin; cables of actin are
present throughout the cell, and cytokinesis is inhibited. Time (min:s) in relation to addition of jasplakinolide is shown.
(B) Enlargments of CR. Time (min:s) after bleaching is shown in the lower right.
(C) FRAP in a jasplakinolide-treated cell. Stabilized filaments do not recover fluorescence; panels in (D) shown enlargements of CR. The scale
bars represent 10 m.nesis upon washout of the inhibitor, demonstrating thatnder our imaging conditions, blebistatin was not toxic.
lebbistatin also reduced FRAP in stress fibers and the
onequatorial cortex (not shown). Importantly, actin
urnover was similarly reduced by blebbistatin in exper-
ments with rhodamine-labeled actin [40], further indi-
ating that the reduction in dynamics was not due to
oxicity of blebbistatin after exposure to blue light [33].
The observation that blebbistatin treatment does not
revent CR assembly but reduces turnover of actin is
omewhat surprising and suggests that myosin II may
ontribute to turnover by regulating filament disassem-
ly. This possibility is consistent with recent experi-
ents demonstrating that blebbistatin inhibits the dis-
ssembly of apical actin-rich junctional complexes in
pithelial cells [41]. The mechanism by which myosin II
TPase contributes to actin disassembly is not known
ut may involve filament breakage during late cytokine-
is. Our results with ML7 support a model in which
hosphorylation of myosin II regulatory light chains reg-
late interactions between myosin II and other CR com-
onents [18] and mediate myosin II localization to the
R [16]. The reduction in myosin II in the CR after treat-
ent with ML7 is consistent with this possibility (Fig-
re 5C).
onclusions
ur results demonstrate that actin in the mammalian
R is highly dynamic. We demonstrate that dynamic
ctin can be moved toward the equatorial region during
arly cytokinesis. Inhibition of myosin II ATPase activitydoes not block CR assembly but reduces actin turnover
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729Figure 5. Cortical F-Actin Organization and Turnover Requires Myosin II
(A) Selected images from a movie sequence of a GFP-actin-expressing cell treated with ML7. Time (min:s) is in relation to addition of ML7;
clearance of GFP-actin from the equatorial region is observed. The lower row shows the area in the white box.
(B) CR formation in a GFP-actin LLCPK1 cell after addition of blebbistatin; time (min:s) is in relation to addition of blebbistatin.
(C) Distribution of F-actin and myosin II in control cells and cells treated with ML7 (middle panels) or blebbistatin (right panels). The scale
bars represent 10 m.in the CR, indicating that myosin II contributes to disas-
sembly of actin in the CR. During early cytokinesis,
phosphorylation of myosin II light chains is required to
maintain actin in the equatorial region. These results
provide evidence that in addition to generating the
force for cytokinesis, myosin II plays key roles in the
retention and dynamics of actin in the CR.
Experimental Procedures
Materials
All materials for cell culture were obtained from Sigma with the
exceptions of OptiMEM and Trypsin, which were obtained from In-
vitrogen, and fetal bovine serum, which was obtained from Atlanta
Biologicals. Unless otherwise noted, all chemicals were obtained
from Sigma-Aldrich.
Cell Culture and Inhibitors
Cell culture was performed as described previously [42]. Inhibitors
were prepared and used as follows: latrunculin B (Biomol) was
used at 5 M; jasplakinolide (Molecular Probes) was used at 7 M;
ML7 (Sigma-Aldrich) was used at 75 M; and blebbistatin (Calbi-
ochem) was used at 75 M.
Immunofluorescence Microscopy
Immunofluorescence was performed as described [42]; cells were
fixed in 3.7% formaldehyde except for the 3D reconstructions,which were fixed in 0.25% glutaraldehyde. Anti-myosin II antibod-
ies were obtained from Biomedical Technologies, and F-actin was
visualized with rhodamine-phalloidin (Molecular Probes).
Image Acquisition
Imaging of GFP-actin-expressing cells was performed with a Perkin
Elmer spinning-disc confocal scan head attached to a Nikon TE
300 microscope as described previously [42]. For imaging cells
treated with inhibitors, we acquired a single image before applica-
tion of the drug and then acquired images every 10 s for 2 to 15
min. Exposure (500 ms) was controlled with shutters driven by Met-
amorph software (Universal Imaging). For imaging cells in the pres-
ence of blebbistatin, the following modifications to these pro-
cedures were made: We acquired a single image before application
of the drug and then two images in drug. Photobleaching experi-
ments were performed with a Zeiss 510 Meta scanning confocal
system and performed as described previously [42]. For photo-
bleaching in the presence of blebbistatin, an image was acquired
before drug application, just after photobleaching, and every 10 s
for 2 min. For photobleaching in the presence of jasplakinolide, an
image was acquired before drug application, just after photo-
bleaching, and every 5 s for 2 to 3 min.
Cloning
The EGFP-actin construct used in these experiments consisted of
human cytoplasmic β-actin gene fused in frame with the enhanced
Current Biology
730GFP gene in the Clontech pEGFP-C1 vector and was obtained from
Dr. E. de Hostos [43].
1
Supplemental Data
Several supplemental figures and movies are available at http://
1www.current-biology.com/cgi/content/full/15/8/724/DC1/.
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